Hypertension induced by angiotensin II (Ang II)
Introduction
Hypertension is a major risk factor for cardiovascular and cerebrovascular diseases . Angiotensin II (Ang II) is a circulating hormone implicated in human hypertension (Marc and Llorens-Cortes, 2011) , and administration of Ang II is a widely used experimental model of the hypertensive state (Romero and Reckelhoff, 1999) . In a hypertensive paradigm induced by 2 week administration of a subpressor dose of Ang II (i.e., slow-pressor hypertension), the increase in blood pressure is critically dependent on circumventricular structures, including the subfornical organ (Young et al., 2012) . The subfornical organ influences central cardiovascular networks by a monosynaptic glutamatergic projection to the hypothalamic paraventricular nucleus (PVN). The PVN, in turn, is an established central coordinator of neurohumoral activity and sympathetic outflow, which are both known to regulate cardiovascular homeostasis (Ferguson et al., 2008) .
Glutamate can influence neural signaling and plasticity by acting at the NMDA receptor subtype (Hunt and Castillo, 2012) , a heteromer formed by the essential NMDA GluN1 receptor subunit (GluN1) along with various GluN2 subunits (Dingledine et al., 1999) . The PVN is populated by neurons that express NMDA receptor subunit genes (Herman et al., 2000; Eyigor et al., 2001) and proteins (Petralia et al., 1994) . In addition, molecular (Li et al., 2003) , biochemical , and immunocytochemical (Coleman et al., 2010; Marques-Lopes et al., 2014) studies have shown that the expression of NMDA receptor subunits can be modified by changes in systemic arterial pressure. The activation of neuronal nitric oxide synthase (nNOS) and the resultant production of nitric oxide (NO) is a key transducer of NMDA receptor signaling and plasticity (Garthwaite, 2008) and is also involved in blood pressure regulation and neurogenic hypertension .
Alteration in the subcellular location of ionotropic glutamate receptors is implicated in various forms of neural plasticity (Petralia, 2012) . A similar process may be involved in hypertension-related plasticity. However, it has not been established whether Ang II-mediated increases in blood pressure are associated with changes in the location of the essential GluN1 subunit in PVN neurons, including those expressing nNOS.
Functional studies linking the NMDA receptor to blood pressure regulation have been largely limited to in vitro (Ye et al., 2012) and acute pharmacological models (Crestani et al., 2010; Li and Pan, 2010) . Chronic pharmacological manipulation of PVN NMDA receptors is complicated by limitations of brain delivery of small molecules, which may lack specificity and have toxic actions (Low and Roland, 2004) , and display complex intraparenchymal diffusion kinetics typical of many small molecules. Gene-targeting strategies can overcome many of these shortcomings, but have received little attention in studies of NMDA receptor involvement in hypertension.
In the present study, we examined the association between increased blood pressure and GluN1 plasticity in the PVN by a combination of immunoelectron microscopy and viral-mediated gene transfer in adult male mice treated with 14 d administration of a subpressor dose of Ang II.
Materials and Methods

Animals
Experimental protocols involving animals and their care were approved by the Institutional Animal Care and Use Committee at Weill Cornell Medical College and conformed to NIH guidelines. Adult (4 -5 months) male wild-type C57BL/6 mice and floxed GluN1 (fGluN1) mice on a C57BL/6 background were used. As previously described , mice homozygous for the fGluN1 gene have a loxP site placed in the intron between exons 10 and 11 and a second site downstream after exon 22. The two loxP sequences flank a region of the GluN1 gene that encodes the four membrane domains and the entire C-terminal sequence of the polypeptide chain. As described previously (Capone et al., 2012; , mice were anesthetized with isoflurane and implanted subcutaneously with osmotic mini-pumps (Alzet; Durect) loaded with saline or Ang II (600 ng/kg Ϫ1 /min Ϫ1 ).
Electron microscopic immunolabeling in Ang II-treated mice
Tail-cuff plethysmography. Since implantation of an arterial telemeter is incompatible with transcardial brain perfusion required for the highresolution immunocytochemical experiments, measurement of arterial blood pressure was monitored with a noninvasive tail-cuff sphygmomanometer in studies examining receptor localization . During each daily session, 10 systolic blood pressure measurements were recorded and averaged. Although tail-cuff plethysmography underestimates absolute blood pressure values (Gross and Luft, 2003) , this does not compromise our experiments since relative comparisons are made within groups of animals. At day 14 of Ang II or vehicle administration blood pressure was measured, and mice were then killed in preparation for immunocytochemistry. GluN1 and nNOS dual immunocytochemistry. The methods for tissue processing and dual labeling immunocytochemistry using immunoperoxidase and immunogold markers were performed as previously described (Beckerman and Glass, 2012) . Following the last blood pressure recording, three saline and three Ang II-infused mice were perfused using 3.75% acrolein/2% PFA in 0.1 M PB. Sections through the PVN were collected in PB and treated with 1% sodium borohydride for 30 min. The sections were cryoprotected and flash frozen in Freon and liquid nitrogen to enhance antibody penetration. Sections were incubated for 30 min in 0.5% BSA to minimize nonspecific labeling, followed by 72 h incubation in a mixture consisting of mouse anti-nNOS (1:200; BD Biosciences) and rabbit anti-GluN1 antisera (1:100; Millipore). The specificity of these reagents has been previously described (Beckerman and Glass, 2012; Wang et al., 2012) . Sections were then washed in TBS, pH 7.6; incubated in anti-mouse IgG conjugated to biotin; rinsed in TBS; and then incubated for 30 min in avidin-biotin-peroxidase complex (ABC; 1:100; Vectastain Elite Kit; Vector Laboratories) in TBS. The bound peroxidase was visualized by reaction for 6 min in a 0.2% solution of DAB and 0.003% hydrogen peroxide in TBS. Immunogold labeling of anti-GluN1 was performed as follows. A 2 h incubation in a 1:50 dilution of donkey anti rabbit conjugated to ultra small gold (Electron Microscopy Sciences) was followed by a 5.5 min silver intensification procedure using an IntenSE M kit (GE Biosciences). Sections were processed for electron microscopy by postfixing in 2% osmium tetroxide for 1 h, followed by dehydration and embedment in epoxy resin (Embed 812; Electron Microscopy Sciences).
Electron microscopic analysis. Sections were examined using a Tecnai transmission electron microscope. Images were collected at a magnification of 13,500ϫ. Profiles containing GluN1 with or without nNOS immunoreactivity were classified as neuronal (soma, dendrites, axons, and terminals) or glial based on criteria described by Peters et al. (1991) . Dendritic profiles contained regular microtubular arrays and were usually postsynaptic to axon terminal profiles. Criteria for field selection included good morphological preservation, the presence of immunolabeling in the field, and proximity to the tissue-plastic interface (i.e., the tissue surface) to avoid problems from differences in antibody penetration .
Electron micrographs of saline and Ang II-infused animals were analyzed for distribution of GluN1 silver-intensified gold using MCID Image Analysis software (InterFocus Imaging). GluN1-labeled dendrites with and without nNOS labeling were tallied with respect to the subcellular localization of the immunogold particle and cross-sectional area and perimeter of the dendrite. ANOVA between saline and Ang II data was performed using JMP software (SAS Institute). Data are presented as mean Ϯ SEM with N as the number of counted profiles. A one-way ANOVA followed by Fisher's LSD post hoc test was used for statistical comparisons between treatment groups. Differences were considered statistically significant when p Յ 0.05.
Electron microscopic images. For preparation of figures, images were adjusted for contrast and brightness using Adobe Photoshop CS4 software and imported into Microsoft Office PowerPoint 2008 to add lettering and generate composite figures.
Conditional knock out of GluN1 and measurement of the slowpressor response to Ang II
Viral vectors. To spatially and temporally delete the GluN1 gene, a specially engineered recombinant serotype 2 adeno-associated virus (rAAV; ϳ4.7 kb) expressing Cre recombinase (Cre) and a GFP reporter (rAAVCre) was used. The vector also includes a CMV promoter/enhancer, a multiple cloning site for insertion of the GFP-Cre coding sequences, and poly A sequences (South et al., 2003) . The control vector (rAAV-GFP) does not express Cre. This virus was generously provided by Dr. Charles Inturrisi of Weill Cornell Medical College.
Virus administration. Under deep isoflurane anesthesia viral vectors were bilaterally administered to the PVN of adult male mice. Approximately 150 -200 nl of rAAV-GFP-Cre or rAAV-GFP (5 ϫ 10 6 viral particles per microliter) were injected into the PVN 0.8 mm posterior and 0.2 mm lateral to bregma, at a depth of 4.8 mm ventral to the surface of the skull (Paxinos and Franklin, 2000) . Microinjections were made by interfacing Picospritzer II (General Valve) to a glass pipette (WPI) with a tip pulled to a diameter of ϳ50 m, via a pipette holder and plastic tubing. Injections were made over a 10 min interval. To prevent leakage, the pipette was left in place for an additional 10 min. Bone wax was used to cover the bore hole, and the mice were allowed to recover in their home cages. At least 14 d were required for maximal gene deletion .
Radiotelemetry. Measurement of arterial blood pressure in mice with PVN GluN1 deletion was performed by radiotelemetry. As described previously (Zimmerman et al., 2004) , mice were anesthetized with ketamine ϩ xylazine intraperitoneally and instrumented with radiotelemetry devices. Blood pressure was recorded daily to monitor the effects of Ang II during the entire infusion period.
Light microscopic immunohistochemistry. Mice injected with viral vectors were killed by cervical dislocation, and the brains were removed and postfixed for 24 h in 4% paraformaldehyde in PB and then cryoprotected by immersion in 30% sucrose. Coronal sections (20 m) from the forebrain at the level of the PVN were cut with a cryostat. Tissue sections were treated with 1.0% sodium borohydride in PB and then washed in PB. Sections were incubated for 30 min in 0.5% BSA to minimize nonspecific labeling, followed by 24 h or 48 h incubation in primary rabbit anti-GFP (1:1000; Invitrogen), mouse anti-NeuN antisera (1:1000; Invitrogen), or rabbit anti-GluN1 antisera (1:100; Millipore). Sections were then washed in TBS; incubated in anti-rabbit or anti-mouse IgG conjugated to biotin, respectively; rinsed in TBS; and then incubated for 30 min in ABC in TBS. The bound peroxidase was visualized by reaction for 6 min in DAB and 0.003% hydrogen peroxide in TBS. Sections were mounted in 0.05 M PB, dehydrated, and coverslipped on glass slides. These sections were examined using a Nikon light microscope.
Nonradioactive in situ hybridization. The steps for processing whole brains for in situ hybridization were identical to those for immunohistochemistry as discussed above. For in situ hybridization, GluN1 gene expression was measured by use of a nonradioactive 2.2 kb antisense riboprobe whose DNA sequence was deleted by Cre-loxP recombination in fGluN1 mice. Slide-mounted cryostat-cut brain sections (20 m) from mice injected with viral vectors were incubated in 4% PFA (20 min), washed in 1ϫ PBS, incubated in Proteinase K (2 min), and washed in 1ϫ PBS. Sections were again incubated in 4% PFA (5 min), washed in 1ϫ PBS, incubated in 0.25% acetic anhydride in 0.1 M triethanolamine (10 min), and washed in 2ϫ saline sodium citrate (SSC). Next, sections were incubated for 2 h in prehybridization solution (50% formamide, 0.3 M NaCl, 10 mM TBS, 1 mM EDTA, 500 g/ml salmon sperm DNA, and 500 g/ml yeast tRNA) at 65°C in a chamber containing towels moistened with 4ϫ SSC and 50% formamide. After incubation, the prehybridization solution was drained off the slide onto an RNase-free towel. Then, sections were hybridized with DIG-labeled antisense or sense probes for GluN1 (1:1000) in hybridization solution (50% formamide, 0.3 M NaCl, 20 mM TBS, 5 mM EDTA, 10 mM sodium phosphate buffer, 10% dextran sulfate, 1ϫ Denhardt's solution, and 500 g/ml yeast tRNA), coverslipped, and placed overnight in an oven heated to 65°C. After incubation, the coverslips were removed and the hybridized brain sections were washed in 5ϫ SSC at 55°C, followed by 2ϫ SSC and 50% formamide at 65°C (20 min). Next, sections were incubated in RNase buffer at 37°C, followed by 50 g/ml RNase A solution (30 min), and then RNase buffer. Sections were then washed sequentially in 2ϫ SSC and 50% formamide at 65°C (20 min), 2ϫ SSC, washing buffer (10 min), and blocking solution (30 min). Sections were subsequently incubated in primary anti-DIG primary antisera conjugated to alkaline phosphatase (1:1000) for 2 h, followed by washing buffer. The sections were then incubated in detection buffer, followed by the chromogen NBT/BCIP. After ϳ16 h, slides were rinsed in distilled water and dehydrated through a series of alcohols and xylene, then coverslipped in Permount.
Light microscopic cell counting. Cell counting was performed using relative optical density measurements via Microcomputer Imaging Device software (MCID; Imaging Research ), as previously described . Briefly, mounted sections were viewed with a Nikon Microphot-FX microscope equipped with a digital CoolSNAP camera (Photometrics ). The light microscopic images were acquired through an interface between the camera and a Macintosh computer. Pixel intensitythresholding procedures were performed as per manufacturer's guidelines on four sections per animal. Electronic images were imported into MCID, which automatically calculates a relative threshold level for each image, then adjusted using an object-enhancement filter that maximizes the contrast between large objects and background. Cell counts were made in three to five rostrocaudal bilateral sections containing brain regions of interest, averaged, and analyzed by one-way or two-way ANOVA. Cell counts were also performed manually to verify the consistency of automated measurements.
Because of its relatively small volume and complex geometrical shape, rAAV microinjected into the PVN almost always extended beyond the specific limits of this nucleus. However, the predominant localization of the injections to this brain region was assured by the confinement of the majority of GFP-labeled cells, as determined by a visual screening, to the boundaries of the PVN as defined by the atlas of Paxinos and Franklin (2000) .
NO detection. To assess the effect of GluN1 deletion on NMDAmediated NO production in the PVN in the absence of elevated blood pressure, isolated PVN cells (Coleman et al., 2010) were obtained from untreated mice that had received unilateral PVN microinjection of rAAV-GFP or rAAV-Cre. Cells were incubated with the NO-sensitive fluorescent dye 4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein diacetate (DAF-FM; 5 mol/L; Invitrogen) for 30 min, rinsed for 30 min, and imaged using an inverted fluorescence microscope (Nikon) equipped with a CCD camera (Princeton Instruments). Time-resolved fluorescence was measured every 30 s with an exposure time of 200 ms using image-analysis software (IPLab; Scanalytics). For baseline measurements, NO-dependent fluorescence was expressed as relative fluorescence units (RFUs). Changes in NO signal induced by 100 M NMDA (Sigma) were expressed as the ratio Ft/Fo, where Fo is the baseline fluorescence before application of NMDA and Ft is the fluorescence in the same cell after application of NMDA (Coleman et al., 2010) . In some experiments, PVN cells were pretreated with the nonselective NOS inhibitor L-NNA (Sigma; 100 mol/L]. Data are presented as mean Ϯ SEM with N as the number of neurons tested. A one-way or two-way ANOVA followed by Tukey's post hoc test was used for statistical comparisons between treatment groups. Differences were considered statistically significant when p Յ 0.05.
ROS detection. Production of ROS following GluN1 deletion in the absence of elevated blood pressure was assessed using dihydroethidium (DHE) in isolated PVN cells obtained from untreated mice that had received unilateral microinjection of rAAV-GFP or rAAVCre. All isolated cells were incubated with DHE (1 mol/L; Invitrogen) for 30 min. The fluorescence intensity was measured using a Nikon Diaphot 300 inverted microscope equipped with a CCD camera (Princeton Instruments). Time-resolved fluorescence was measured every 30 s with an exposure time of 100 ns using image-analysis software (IPLab; Scanalytics). For baseline measurements, ROS-dependent fluorescence was expressed as RFUs. The increase in the ROS signal induced by 100 M NMDA was expressed as the ratio of Ft/Fo, where Fo is the baseline fluorescence before application of NMDA, and Ft is fluorescence in the same cell after application of NMDA . Recordings were started after stable baseline fluorescence readings were achieved. In some experiments, cells were pretreated with the NMDA receptor antagonist MK801 (10 mol/L; Sigma), a polypeptide inhibitor of the NADPH oxidase gp91phox docking sequence (gp91-ds (Rey et al., 2001 ) at 1 mol/L (Bio-Synthesis). Time-control experiments in which NMDA was not perfused were performed in parallel to assure the stability of the preparation. A one-way or two-way ANOVA followed by Tukey's post hoc test was used for statistical comparisons between treatment groups. Differences were considered statistically significant when p Յ 0.05.
Results
Plasma membrane GluN1 density is increased in dendrites of PVN neurons from wild-type mice following Ang II-induced elevations in arterial blood pressure To assess the effect of Ang II-mediated increases in blood pressure on GluN1 localization, saline (N ϭ 3) or Ang II (N ϭ 3) were administered for 14 d to male mice at 4 -5 months old, an age when mice are past maturity, but not yet affected by senescence (Flurkey et al., 2007) . Blood pressure was recorded at 3 d intervals. There was a significant effect of treatment (F ϭ 24.2, p Ͻ 0.0001), time (F ϭ 25.8, p Ͻ 0.0001), and a significant treatment ϫ time interaction (F ϭ 9.5, p Ͻ 0.0001) on mean arterial pressure (MAP) in these mice (Table 1) .
Brains from both the saline and the Ang II-treated mice were first sectioned at the level of the PVN, and these sections were then immunocytochemically processed for dual labeling of GluN1 and nNOS using immunogold-silver and immunoperoxidase markers, respectively. A qualitative visual analysis of the PVN from both saline and Ang II-infused animals revealed that a population of dendrites expressed immunoreactivity for both GluN1 and nNOS ( Fig. 1 A, B) . Dual-immunoreactive dendritic structures were frequently small to intermediate (0.5-1.5 m 2 ) in size. The general pattern of GluN1 immunolabeling in subcellular compartments was similar in both groups of saline and Ang II-treated mice. Particles were affiliated with small vesicular organelles and were also found near the plasma membrane.
Dendrites are the main integrative unit of neurons and the major locus of synaptic plasticity (Sjöström et al., 2008) . The spatial location of NMDA receptors in dendrites is an important factor in their signaling properties and the emergence of neuronal plasticity (Petralia, 2012) . To examine the relationship between the increase in blood pressure and the subcellular location of GluN1 in dendrites of PVN neurons, a quantitative analysis was performed in a total of 13,500 m 2 of tissue (2250 m 2 /mouse) from saline and Ang II-treated mice. Immunogold-silver particles were segregated into cytoplasmic and surface categories for the purpose of quantifying the density of labeling in each of these cellular compartments. In dual-labeled dendritic profiles, mice that had received Ang II showed significantly higher densities of total (F (1,80) ϭ 21.7, p Ͻ 0.0001; Fig. 1C) and surface (F (1,80) ϭ 16.5, p Ͻ 0.0001; Fig. 1D ), but not cytoplasmic (F (1,80) ϭ 2.5, p Ͼ 0.1; Fig. 1E ), GluN1 labeling.
Another population of dendrites showed exclusive GluN1 labeling (Fig. 2 A, B) . Single-labeled dendritic profiles from vehicletreated mice were frequently small to intermediate (0.5-1.5 m 2 ) in size. Visual analysis showed that immunogold particles were present in the cytoplasm as well as near the plasma membrane in these dendrites. In Ang II-administered mice, the general pattern of immunolabeling for both antigens was similar. However, there was an apparent increase in the number of surface gold-silver particles in mice receiving Ang II. Immunogold-silver particles were segregated into cytoplasmic and surface categories for the purposes of quantifying the density of labeling in each of these cellular compartments. Compared with vehicle-administered mice, animals that had received Ang II had a significantly higher density of total (F (1,248) ϭ 7.5, p Ͻ 0.007; Fig. 2C ) immunogold labeling in dendritic profiles exclusively labeled for GluN1. A significantly higher density of GluN1 surface labeling (F (1,248) ϭ 7.2, p Ͻ 0.008; Fig. 2D ), but not cytoplasmic (F (1,248) ϭ 0.2, p Ͼ 0.6; Fig. 2E ) GluN1 was seen in Ang II-treated mice compared with those administered vehicle.
Plasma membrane receptors can be located at the postsynaptic density or at extrasynaptic sites distal to the synapse, and each population can transduce signals after ligand binding (Bard and Groc, 2011) . To assess if the increase in surface GluN1 occurred to a similar extent in all plasma membrane locations, surface GluN1 labeling was segregated into synaptic (i.e., directly in contact with a synaptic junction) or extrasynaptic (i.e., not in contact Immunogold labeling for GluN1 is located in the cytoplasm (arrow) and near the surface (circles). Immunoperoxidase labeling for nNOS is diffuse throughout the cytoplasm or localized to endomembranes. There was a significantly higher density of total (C) and surface (D), but not cytoplasmic (E), GluN1 labeling in dendritic profiles of PVN neurons in Ang II-treated animals compared with those administered saline. GluN1 ϩ nNOS, dual-labeled dendrite; Un-Te, unlabeled terminal; curved arrow, asymmetric synapse. Data are presented as mean Ϯ SEM; ***p Ͻ 0.0001. Scale bars, 500 nm.
with a synaptic apposition) categories. There was no treatmentdependent difference in the number of synaptic-affiliated GluN1 gold-silver particles (saline: 0.14 Ϯ 0.06 vs Ang II: 0.11 Ϯ 0.05 particles/50 m 2 of sampled tissue; p Ͼ 0.6). However, there was a significant increase in extrasynaptic labeling in Ang II-treated mice compared with animals treated with vehicle (saline: 0.89 Ϯ 0.12 vs 1.2 Ϯ 0.09 particles/50 m 2 of sampled tissue; p Ͻ 0.05). The increase was found in dendrites exclusively labeled for GluN1 as well as those expressing GluN1 and nNOS.
In sum, mice with elevated blood pressure following chronic administration of a subpressor dose of Ang II showed an increase in extrasynaptic plasma membrane GluN1 in dendritic profiles of PVN neurons. This Ang II-induced change in the subcellular localization of GluN1 is consistent with a role for NMDA receptors in heightened extrasynaptic glutamate signaling during hypertension.
Unilateral microinjection of rAAV-Cre in the PVN of fGluN1 mice results in a reduction of local GluN1 expression and NMDA receptor-mediated signaling Investigating the functional role of PVN NMDA receptors in Ang II-dependent increases in blood pressure requires the inhibition of receptors over the course of treatment. Conventional pharmacological NMDA receptor blockade can be hampered by the complex pharmacology of NMDA receptors (Svensson et al., 1991) and the potentially confounding effects of neural toxicity produced by receptor antagonists (Low and Roland, 2004) . To overcome these challenges, we tested the feasibility of spatially and temporally deleting the obligatory GluN1 gene by local microinjection of rAAV-Cre into the PVN of fGluN1 mice. A control group received a microinjection of a non-Cre-expressing vector that expressed only the GFP reporter protein (rAAV-GFP). Immunoperoxidase labeling for GFP identified the sites of virally mediated gene transfer in the PVN after vector microinjection into the PVN (Fig. 3A) . In situ hybridization (Fig. 3B ) was used to determine GluN1 mRNA levels in injected and noninjected hemispheres following local vector administration. The number of neurons in each hemisphere following viral delivery was determined by immunolabeling for the neuronal marker NeuN (Fig. 3C) .
Compared with mice that had received rAAV-GFP in the PVN, there was a reduction in GluN1 labeling (Fig. 3D ) in rAAVCre-microinjected mice (F (1,6) ϭ 6.8, p Ͻ 0.05). Expression of GluN1 was reduced Ͼ50% (42.6 Ϯ 6.9 vs 18 Ϯ 6 cells per hemisphere), as was immunolabeling (42.3 Ϯ 10.1 vs 16.5 Ϯ 12.4 cells per hemisphere). There was no difference in the number of NeuN-labeled neurons (Fig. 3E) in the injected hemisphere in rAAV-GFP (40.3 Ϯ 6.8 cells per hemisphere) and rAAV-Cre (31.3 Ϯ 7.8 cells per hemisphere)-treated mice (F (1,6) 
Stimulation of NMDA receptors in the PVN has been shown to modulate the activity of nNOS (Coleman et al., 2010) . To examine whether deleting the GluN1 receptor subunit reduces NO production, and to provide insight into the functional effect of GluN1 gene deletion in the PVN at the cellular level, NO production was measured following exposure to NMDA in dissociated cells from the PVN of fGluN1 mice microinjected with rAAV-Cre. Fluorescence microscopy for GFP and the NO-sensitive dye DAF-FM (Fig. 4A-D) established that PVN neurons with a Figure 2 . The Ang II-induced increase in blood pressure is associated with altered plasma membrane levels of GluN1 in single-labeled dendrites. Electron micrographs showing silver-intensified immunogold labeling for GluN1 in dendritic profiles from the PVN of mice that received vehicle (A) or Ang II (B). GluN1 labeling is prominently found in the cytoplasmic compartment (arrows) and the plasma membrane (circles). There was a significantly higher density (particles per unit area) of total (C) and surface (D), but not cytoplasmic (E), GluN1 labeling in mice administered Ang II compared with vehicle controls. nNOS-d, nNOS-labeled dendrite; GluN1-d, GluN1-labeled dendrite. Data are presented as mean Ϯ SEM; *p Ͻ 0.01. Scale bars, 500 nm.
GluN1 deletion showed significantly lower NMDA-evoked NO production (Fig. 4E) .
NADPH oxidase-generated ROS is also evoked by NMDA and ROS has been shown to reduce NO availability by reacting to form peroxynitrite . As expected, NMDA-evoked ROS levels were significantly attenuated in isolated PVN cells from GluN1-deleted mice (Fig. 4F ) .
Both of the above findings are consistent with prior pharmacological results that NO and ROS production are critical for NMDA receptor-mediated currents assessed by single-cell physiology in a slice preparation. Although the present results provide strong evidence that GluN1 gene expression and functional NMDA receptors are critical for the activation of nNOS and NADPH oxidase in PVN cells, we will have to further verify this in the future. In summary, these data collectively indicate that microinjection of rAAV-Cre in the PVN of floxed mice locally deletes GluN1 and suppresses the NO and ROS production induced by NMDA in PVN neurons, attesting to the impact of GluN1 deletion on NMDA receptor signaling.
Bilateral GluN1 deletion in the PVN attenuates the blood pressure elevation induced by Ang II
To investigate the functional role of PVN NMDA receptors in the Ang II-mediated increase in blood pressure, fGluN1 mice underwent bilateral PVN-targeted delivery of rAAV-Cre or control rAAV-GFP 2 weeks before systemic Ang II infusion. As shown in Figure 5A , Ang II resulted in an elevation of blood pressure in the control vector-treated mice, whereas selective deletion of the GluN1 subunit in the PVN blocked the blood pressure rise in Ang II-treated mice. During the latter half of Ang II treatment, a significant increase in mean arterial pressure was seen in the rAAV-GFPtargeted mice (⌬18 Ϯ 6; Fig. 5B ), whereas mean arterial pressure remained similar to baseline in the rAAV-Cre group (⌬ 3 Ϯ 1; Fig. 5B ). An example of GFP labeling in a mouse receiving bilateral rAAV-Cre is presented in Figure 5C . Compared with rAAV-GFP-injected mice, those receiving rAAV-Cre in the PVN showed a Ͼ55% reduction in the number of local GluN1-immunolabeled cells (42.2 Ϯ 4.7 vs 18.7 Ϯ 4.2; F (1,10) ϭ 13.9, p Ͻ 0.005). These results provide the first direct evidence that GluN1 gene expression, and presumably, functional PVN NMDA receptor activation, plays a critical role in Ang II-mediated hypertension.
Discussion
This study is the first to demonstrate that the increase in blood pressure induced by 2 week administration of a subpressor dose of Ang II is associated with an elevation in plasma membrane GluN1 in dendrites of nNOS-expressing PVN neurons. Further, the novel finding that GluN1 deletion in PVN neurons attenuates the Ang II-induced increases in blood pressure strengthens the functional implications of these observations. These results provide strong evidence that NMDA receptor plasticity in PVN neurons plays a role in the elevated blood pressure mediated by Ang II.
The subcellular distribution of GluN1 is modified in dendritic profiles of PVN neurons following increases in blood pressure induced by Ang II We demonstrate that chronic low-dose Ang II infusion results in substantial changes in the subcellular distribution of GluN1 in the PVN of adult male mice. These results, however, contrast with prior studies done in younger animals. Recent sex and aging studies have investigated the relationship between the Ang II-dependent slowpressor response and the subcellular distribution of GluN1 in transgenic estrogen receptor or angiotensin receptor reporter mice. Following Ang II, there was no increase in plasma membrane GluN1 in estrogen receptor ␤ (Marques- Lopes et al., 2014) or angiotensin type 1A receptor (Marques-Lopes et al., 2015) expressing dendrites of PVN neurons in 2-month-old male mice. In the present study, there was a significantly greater density of GluN1 near the plasma membrane of dendrites following the Ang II-mediated moderate pressor response in fully mature animals (4 -5 months).These findings demonstrate different relationships between moderate increases in blood pressure and GluN1 localization in younger versus mature males, and suggest that the cellular substrates of PVN neuronal plasticity associated with elevated blood pressure may be age-dependent. Thus, the present study fills an important void in understanding the contribution of NMDA receptor plasticity in the PVN to the increase in blood pressure across the life span. The presence of plasma membrane receptors identified by immunogold electron microscopy corresponds to sites of receptor binding (Boudin et al., 1998) . In addition, the distribution of immunogold-labeled receptors shows the expected decrease in the ratio of surface-to-cytoplasmic localization in response to agonist stimulation (Haberstock-Debic et al., 2003) . Therefore, it is likely that the distribution of protein as identified by immunogold electron microscopy reflects functional receptors. The increase in GluN1 was found predominantly near the extrasynaptic plasma membrane. Extrasynaptic receptors represent a pool of proteins that can be mobilized to the postsynaptic density upon synaptic activity (Bard and Groc, 2011) . In addition, these proteins also respond to a ligand that diffuses outside the synapse, via neuronal or astrocytic release (Sanz-Clemente et al., 2013) . The elevation of extrasynaptic GluN1 following the Ang II-induced pressor response is consistent with an increase in the number of potentially functional NMDA receptors that can be mobilized to the synapse and/or that are capable of responding to glutamate reaching beyond the synaptic junction during heightened activity via volume transmission (Sanz-Clemente et al., 2013) . Although increases in extracellular glutamate (Qi et al., 2013; Jia et al., 2014; Kang et al., 2014) and excitatory signaling (Li et al., 2008) during experimental hypertension have been previously reported, the present results provide the first ultrastructural confirmation of elevated plasma membrane NMDA receptors in PVN neurons during the slow-pressor response to Ang II.
Within the PVN and other brain areas that participate in cardiovascular regulation, NMDA receptor activation is associated with the production of key intracellular signaling molecules that are known to be impacted by Ang II, including NO and ROS . The production of NO by nNOS in the PVN has been strongly implicated in blood pressure regulation (Wang and Golledge, 2013) . In the present study, it was shown that following Ang II infusion, GluN1 is increased on the plasma membrane of dendrites that also expressed nNOS. These results suggest that the Ang II-dependent increase in blood pressure may be marked by altered NMDA receptor coupling to NO production in dendrites of PVN neurons.
The relationship between the Ang II-mediated slow-pressor response and the distribution of GluN1 in the PVN provides an interesting counterpoint to the increase in blood pressure seen with chronic intermittent hypoxia (CIH), a model of obstructive sleep apnea that induces a slowly developing and chemosensorymediated increase in blood pressure (Prabhakar et al., 2012) . Like Ang II, CIH has also been associated with an elevation of GluN1 in dendrites of PVN neurons (Coleman et al., 2010) . However, in contrast to Ang II, which was associated with an increase in plasma membrane GluN1 in nNOS and non-nNOS-expressing dendrites, CIH was associated with an increase in cytosolic GluN1 in nNOS-expressing PVN neurons. Although the reason for the divergence in GluN1 distribution in Ang II versus CIHtreated mice is uncertain, it may be related to differences in several experimental parameters, including the mechanism by which the pressor response is induced in each paradigm and the time course of the increase in blood pressure induced by each treatment (Coleman et al., 2010; . However, it is important to note that intracellular aggregations of receptors represent a reserve pool of protein capable of being mobilized to the plasma membrane (Bard and Groc, 2011) and, therefore, reflect a latent reservoir positioned for mobilization to the surface upon appropriate stimulation. The elevation in surface or cytoplasmic GluN1 seen with Ang II or hypoxia, respectively, both point to an increase in the pool of NMDA receptors in the major integrative compartment of neurons in response to diverse pressor treatments.
GluN1 gene expression in PVN neurons is required for the slow-pressor response to Ang II Activation of the NMDA receptor in the PVN plays an important role in baroreceptive (Kubo et al., 1997) , respiratory (Crestani et al., 2010) , and sympathoexcitatory processes (Okada et al., 2000; Li et al., 2006) critical for blood pressure regulation. The activation of NMDA receptors in the PVN has also been implicated in the increased sympathetic output in response to neurogenic (Berrino et al., 1996) , genetic (Ye et al., 2012) , or physiological treatments that induce elevations in blood pressure. Despite the molecular (Li et al., 2003) , biochemical , and immunocytochemical (Coleman et al., 2010) evidence implicating the NMDA receptor in blood pressure regulation, functional studies have been limited to in vitro (Ye et al., 2012) and/or acute pharmacological models (Crestani et al., 2010; Li and Pan, 2010) .
Generally, studying the role of functional PVN neuronal NMDA receptors by conventional pharmacology is complicated by the uncertain specificity and potential toxicity (Low and Roland, 2004 ) of pharmacological receptor antagonists required for long-term CNS administration. In the present study, the essential GluN1 gene was deleted in PVN neurons by microinjection of a neurotropic rAAV-expressing Cre recombinase into the PVN of fGluN1 mice. This approach led to significant reductions in GluN1 gene expression, and also resulted in the attenuation of NMDA receptor-mediated intracellular signaling pathways involving NO and ROS production that are implicated in neural plasticity and the modulation of central cardiovascular regulatory pathways . In addition, PVN GluN1 deletion had important effects on cardiovascular function in vivo, as demonstrated by a significant reduction in the elevated blood pressure induced by Ang II. The present results are consistent with a growing literature showing the importance of PVN NMDA receptors in the potentiated sympathoexcitatory output associated with several different forms of hypertension Ye et al., 2012) .
Functional considerations
The increase in blood pressure induced by 14 d infusion of a subpressor dose of Ang II is known to result in a relatively modest rise in blood pressure in mice (Capone et al., 2011; Marques-Lopes et al., 2014) . This model also induces the typical structural and functional effects of hypertension in target organs, such as cardiac hypertrophy (Griffin et al., 1991) and vascular remodeling (Edgley et al., 2003) and endothelial (Capone et al., 2012) and neurovascular dysfunction (Capone et al., 2012) , attesting to its validity as a model of hypertension (Romero and Reckelhoff, 1999) . The present finding that functional PVN NMDA receptors play a critical role in the slow-pressor response to Ang II suggests that modulating PVN NMDA receptor expression, transport, or intracellular signaling cascades may offer some promise for translational developments in hypertension treatment (Mellone and Gardoni, 2013). 
